A sensitive, quantitative and reproducible plaque assay for the measurement of the simian rotavirus SAII is described. Plaque formation required the presence of the facilitators pancreatin or trypsin and diethylaminoethyl-dextran in the agar overlay. SAII produced plaques in three continuous primate cell lines: MA-Io4, CV-I and LLC-MK2. MA-Io 4 cells were the most sensitive.
I N T R O D U C T I O N
Although sophisticated detection methods for the human rotavirus exist, there is no simple, accurate, quantitative technique to measure virus infectivity. The inability to cultivate the human rotavirus reproducibly in cell culture has necessitated the use of animal rotaviruses as models for infectivity studies (Wyatt et al. I978) . A plaque assay has been reported for the bovine rotaviruses (Matsuno et al. 1977) and we report here a plaque assay for the simian rotavirus SAIl. Because of its morphological, biochemical and antigenic similarities with the human agent (Schoub et al. I977; McNulty, I978) , SAIl serves as a useful rotavirus model system. SA I I will not form plaques under an agar overlay containing maintenance medium alone. Infectivity and plaquing of reoviruses, a group similar in some properties to rotaviruses, have been shown to be enhanced by treatment with proteolytic enzymes (Spendlove & Schaffer, 1965; Wallis et al. 1966) . The current report describes the effects of several facilitators on plaque formation of SAII in five continuous cell lines.
METHODS
Virus. SAII was kindly supplied by Dr H. H. Malherbe. Virus stocks were MA-Io4 infected cell lysates prepared by freeze-thawing, sonication and low-speed centrifugation. Electron microscopy of SAI i particles stained with phosphotungstic acid demonstrated characteristic rotavirus morphology and purified virus banded at buoyant densities of 1.36 and 1"38 in CsCl. SAII virus stocks were not neutralized by reference antisera to reovirus types I, 2 and 3 obtained from the National Institute of Allergy and Infectious Diseases, Bethesda, Maryland, U.S.A. (NIAID; catalogue no. V-7oi-5II-57o, V-7o2-5oi-57o and V-7o3-5oi-57o, respectively). Hyperimmune monospecific antisera prepared in guinea pigs against purified SAII virus also did not neutralize reovirus types 1, 2 and 3 grown in LLC-MK2 cells (reference seed stocks obtained from NIAID; catalogue no. V-7oI-ooI-OlO, To whom reprint requests should be addressed.
oo22-I3t7/79/oooo-346i $o2.oo © 1979 SGM E. M. SMITH AND OTHERS V-702-OOI-OI0 and V-7o3-ooi-olo respectively). Reovirus I (strain 7i6) was produced in LLC-MK2 cells. Virus samples were diluted in tris (hydroxymethyl) aminomethane buffered saline (TBS), pH 7.2, which contained 20 mM-tris, 14o mM-NaCI, 5 mM-KC1, o.4 mMNa2HPO4, 6 mM-dextrose, 0"5 mM-MgC12, 0"7 mM-CaC12, IOO units/ml penicillin, IOO/zg/ml streptomycin and 50 #g/ml gentamicin.
Cells. The following monkey kidney continuous cell culture lines were used: MA-Io4 (Microbiological Associates, Bethesda, Md.), LLC-MK2, CV-I, Vero and buffalo green monkey (BGM). All cell lines were grown in Eagle's MEM supplemented with Io% foetal bovine serum (FBS), 5 % tryptose phosphate broth, 2 % BME vitamins, o'25 % glucose, 0"03 % glutamine, 0"075 % sodium bicarbonate, IOO units/mt penicillin, IOO #g/ml streptomycin and 25 #g/ml gentamicin.
Plaque assay. Glass prescription bottles (I oz) with confluent monolayers were washed with I ml of virus diluent and inoculated with o.I ml of virus sample. The inoculum was allowed to adsorb for I h with rotational agitation every 15 min to distribute the sample. An agar overlay was then applied at 45 °C. The overlay medium consisted of Eagle's MEM containing 1"5% Bacto-Agar (Difco Laboratories, Detroit, Michigan, U.S.A.), o'o3 % glutamine, 0"3 % sodium bicarbonate, o.o2 mg/ml neutral red, lOO units/ml penicillin and lOO/~g/ml streptomycin. The facilitators were present in the overlay in combinations and concentrations indicated in the text. Once the agar overlay had solidified, the bottles were inverted, covered and incubated at 37 °C for 3 to 5 days for plaque formation.
Facilitators. Three facilitators were used to enhance plaque formation: pancreatin, trypsin and DEAE-dextran. The pancreatin (Oxoid, London, U.K.) stock was prepared by dissolving I tablet per 50 ml of distilled water. This stock was diluted as indicated in the agar overlay medium for use. Other commercially available pancreatic enzyme supplements (Ilozyme, Viokase and Kuzyme HP) were tested as alternative sources of pancreatin. These preparations were diluted to yield final trypsin activities ofo.2 to 0"3 units/ml in the overlay. Hog pancreas trypsin, both 2 x crystalline (ICN Pharmaceuticals Inc., Cleveland, Ohio, U.S.A.) and powdered tissue-culture grade (Difco Laboratories, Detroit, Michigan, U.S.A. ; I : 25o ) were prepared as x mg/ml stock solutions with distilled water and diluted as necessary in the overlay medium. DEAE-dextran (mol.wt. 5ooooo; Pharmacia, Uppsala, Sweden)was prepared as a Io mg/ml stock solution in distilled water. All the facilitator stocks were filter-sterilized through 0-20 #m pore size disposable filter units (Nalgene, Rochester, New York, U.S.A.).
The degree of damage to the cell monolayers by the facilitators was graded from o to 4, with o representing control overlays with no facilitator and 4 indicating complete destruction of the monolayer. A rating of 2 represented the optimum in producing distinct plaques; at a rating of 3 the monolayers frequently were too damaged to detect plaque formation adequately.
Trypsin activity assay. Trypsin enzyme activity was measured by titration as reported previously (Graham, I977) in a pH-stat (Radiometer Corp., Copenhagen, Denmark; TTT6o titrator) and automatic burette unit (ABU t3) at 37 °C with o.oI M-sodium hydroxide. The substrate used for the assay was o-o267M-p-tosyl e-arginine methylester (TAME; Schwarz-Mann, Orangeburg, New York, U.S.A.) at pH 8-o. Enzyme activity was expressed as units, where I unit equalled r #tool of substrate hydrolysed per min. § O n e buffered pancreatin tablet (Oxoid Lab.) was dissolved in 5o ml o f water, and this stock was diluted as indicated.
rr N o DEAE-dextran was added to the overlay medium for the results shown in this row.
R E S U L T S

Optimal conditions for plaque development:facilitators in overlay
Simian rotavirus SAII failed to develop plaques under a standard overlay. Because facilitators are required for plaque formation with Nebraska calf diarrhoea virus and aid reovirus plaquing ability, the effects of the facilitators pancreatin, trypsin and DEAEdextran were studied with SAI I virus. The addition of DEAE-dextran alone to the overlay resulted in the formation of small plaques and low titres ( Table I ). The addition of trypsin or pancreatin plus DEAE-dextran resulted in reproducible formation of plaques with higher titres, whereas when either pancreatin or trypsin alone was included in the agar overlay plaques were induced irregularly.
Pancreatin is an extract of porcine pancreas and contains a large number and variety of enzymes. In an attempt to relate the effects of pancreatin to those of trypsin, the trypsin activities of the pancreatin and purified trypsin preparations were analysed. Table I demonstrates the effect of varying the enzyme concentration and activity in the overlay. The results were evaluated both with respect to the stability of the monolayer to the added facilitator as well as to the absolute titre of virus obtained with the different overlays. As shown, the optimum concentration of pancreatin was a 1:60 dilution of the stock solution. A more concentrated solution caused the monolayer to deteriorate prior to forming plaques; lower dilutions resulted in reduced virus titres. The optimum concentration for 2 × crystalline trypsin was 7"5 #g/ml (3 units/ml), whereas the less purified tissue-culture grade trypsin required approx. 15/~g/ml (0.22 units/ml). Other concentrations tested either damaged the monolayer or reduced the virus titre when compared with pancreatin.
The fact that the optimum trypsin activity varied at least Io-fold between the pancreatin and tissue-culture grade trypsin compared to the crystallized trypsin indicated the importance and DEAE-dextran (too#g/ml). (c) Trypsin (zx crystalline, 7"5 #g/ml) and DEAE-dextran (IOO #g/ml).
of determining trypsin activity in such experiments. It should be noted that other commei'cial preparations of pancreatin tested were effective in the overlay, providing that the trypsin activity was adjusted to the optimum level for the Oxoid pancreatin. Table z shows a typical experiment comparing overlays containing varying concentrations of DEAE-dextran. If a concentration of 25 #g/ml or more was used, plaques were formed reproducibly. The optimal concentration of DEAE-dextran was determined to be I oo #g/ml. With this concentration, consistently greater numbers of plaques were observed than the titres obtained with the range of concentrations tested between 25 and t5o #g/ml. At concentrations above I5o #g/ml the cell monolayers frequently died because of toxicity of the overlay. Fig. t shows typical plaque formations under the optimum overlays containing pancreatin, trypsin or no facilitator. The conditions were identical in the different bottles except for the overlay. The plaques formed with pancreatin plus DEAE-dextran are uniform in size, better defined and greater in number. The control bottle without facilitators demonstrates the absence of plaque formation. * Medium was decanted from confluent cultures of MA-Io4 cells. Some of the monolayers were washed as indicated and cultures were inoculated with either SAII or reovirus t. Following virus adsorption the agar overlay supplemented with pancreatin (I:6O dilution of stock) and DEAE-dextran 0oo/zg/ml) was applied.
t The monolayer was washed twice with 2 ml of TBS prior to inoculation. :~ x ~ FBS was included in the agar overlay. G r e e n monkey
* Monolayers of cells were inoculated and overlaid as described in Table I . The overlay medium contained pancreatin (i :6o dilution) and DEAE-dextran (Ioo #g/ml).
]" These experiments were terminated upon deterioration of the monolayer, at approx. ~o days postinoculation.
Analysis of the optimal absorption time revealed that 60 min, with rotational agitation of the virus inoculum every ~5 rain, yielded reproducible titres of virus. Incubation of the assay plates after adsorption at 34, 37 or 39 °C did not affect the virus titres.
Sensitivity and reproducibility of the plaque assay
The previous experiments developed a quantitative plaque assay for simian rotavirus S A I I . The sensitivity of this plaque assay in detecting S A I r infectivity was determined by comparisons of a virus stock assayed by this technique and by the standard TCIDs0 assay, which has been used previously to quantify SAI I infectivity (Malherbe & StricklandCholmley, i967) . These experiments demonstrated that I TCIDs0 was equivalent to 50o p.f.u.
To be useful, a plaque assay must be quantitative, sensitive and reproducible. During o u r experiments, several factors were observed to affect the reproducibility of the assay system. As shown in Table 3 , washing the cell monolayers prior to inoculation resulted in a n~ threefold increase in titre. Presumably, the washing removed residual FBS from the maintenance media, because the addition of ~ % FBS to the overlay greatly reduced plaque formation by S A I l but not by reovirus I. Neutralization tests have further demonstrated the presence of a heat-stable virus inhibitory factor in the FBS lots used in these experiments, even when present in concentrations of only 1%. To circumvent the need to wash all the bottles, the cells can be placed on serum-free medium for 24 to 72 h prior to assay without loss of cell stability or plaque sensitivity. (Table 4 ). The M A -I o 4 cell line was the most sensitive with respect to the virus titres obtained, the plaque size and the time of appearance of plaques. CV-I was fairly sensitive and showed plaque formation by SA1 I. No relationship could be found between plaque formation and the type of monkey from which the cell line originally was derived or the cytolytic response of these cell types to SA11 infection.
SA xt plaque formation & different cell lines
D I S C U S S I O N
Simian rotavirus SAII formed plaques in several continuous monkey kidney cell lines under a solid agar overlay supplemented with pancreatin and DEAE-dextran. Twicecrystallized or tissue-culture grade trypsin also were effective facilitators, although the optimum trypsin concentration and/or activity varied.
The mode of action of enzymic enhancement of virus infectivity is not well understood. It has been suggested (Wallis et al. I966 ) that pancreatin aids reovirus plaque formation by enhancing cell-to-ceil transmission of virus or, alternatively, enhancement of infectivity results from changes in a virus surface component (Spendlove & Schaffer, I965) . Pretreatment of SAII virions with trypsin also enhances rotavirus infectivity as measured by plaque assay (Estes et al. 1979) . Less pure preparations of pancreatin and tissue-culture grade trypsin may contain proteolytic enzymes besides trypsin which are effective in enhancing SAII infectivity. This is suggested by the fact that the optimum trypsin activity varied at least Io-fold between the trypsin facilitators tested and because infectivity was enhanced by pre-treatment of the virions. Electron microscopic examination of thin sections of SA1 Iinfected cells undergoing lysis revealed aggregates of virus bound by fibrous material (E. M. Smith, unpublished data). Pancreatin, which includes proteolytic enzymes, may act by dispersing these aggregates or by removiug virus-associated cell debris, as has been suggested for the bovine rotaviruses (Babiuk et al. ~977; Almeida et al. I978). Other possible explanations for trypsin enhancement of porcine or bovine rotavirus infectivity include inactivation of neutralizing antibodies in the media, destruction of putative virus-induced interferon or activation of receptors.
Because of its cationic character, DEAE-dextran probably has an electrostatic effect on the virus. It has been proposed that the cation neutralizes sulphated polysaceharide inhibitors (Takemoto, 1966) , aids virus diffusion (Wallis & Melnick, 1968) or, more likely, enhances virus adsorption and/or penetration (Kaplan et al. 1967) .
The plaque assay has many potential uses, e.g. for performing experiments to distinguish which of the mechanisms of enhancement of infectivity is correct. We are currently using the plaque assay as a simplified method for rotavirus quantification to develop techniques for detection of the human agent in water, using SAIl as a model system. In addition, this sensitive plaque assay will facilitate analysis of rotavirus-cell interactions in a variety of host cell systems.
